Biological electromethanogenesis is a promising technology which can be applicable to convert geologically-stored CO 2 into CH 4 by electrochemical active microorganisms as biocatalysts. To gain biocatalysts applicable within CO 2 -storage reservoirs, a Microbial Fuel Cell (MFC) was used to enrich electrochemical active microorganisms in reservoir brine sample from a petroleum reservoir. The MFC began to produce electricity after 25 hours of inoculation and reached the first maximum current at 50 hours post inoculation. The maximum power density of the thermophilic MFC was ca. 1003 mW/m 2 , higher than that of most thermophilic MFCs reported previously, suggesting that subsurface reservoir harbors highly functional biocatalysts.
Introduction
As technological measures to reduce emission of greenhouse gas, conversion of CO 2 to useful chemical product(s) has recently drawn great attention [1] . Current researches are mainly focused on processes using photosynthesis, direct photolysis and pure electrochemical reactions. However, those technologies are not easily to be commercialized due to low efficiency, small scale and energy intensive. Bioelectrochemical systems provide alternative solutions, and now we are proposing to combine a bioelectrochemical system (particularly, biological electromethanogenesis) with Carbon dioxide Capture and Storage (CCS) to convert geologically-stored CO 2 into methane.
Bioelectrochemical systems (BESs) are promising renewable technologies which use microorganisms as catalysts to drive the oxidation and reduction reactions on the solid-state electrodes [2] . Two most widely studied BESs are microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) [3] . In an typical MFC, microorganisms oxidize organic matters and transfer electrons to anode, either in a direct manner or a indirect manner. The electrons flow through the circuit to the cathode, where they are consumed in the reduction of oxygen [4] . In such process, electricity was generated from decomposition of organic matters in MFC. MEC is a type of modified MFC, in which no oxygen is present and hydrogen is produced through the reduction of protons in the cathode chamber when a small voltage ( 0.2 V in practice) is added across the anode and cathode [5] .
Interestingly, in the MEC-type reactor, methanogens and some other electrochemically-active microorganisms attaches on the cathode and can work as biocatalysts to accept electrons and convert CO 2 into methane (CO 2 + 8H + +8e -CH 4 + 2H 2 O) when a small voltage is added [3, 6, 7] . Such reaction is called as "biological electromethanogenesis". It has been reported that methane could be directly produced using a biocathode containing methanogens and other electrochemical-active microorganisms in mesophilic bioelectrochemical systems. The current capture efficiency was as high as 96% when 1.0 V was added at room temperature [3] .
The ultimate goal of our researches is to establish a system for biological electromethanogenesis within CO 2 geological storage reservoir. In this concept, CO 2 captured from large point sources (such as coal-fueled power plants) are stored in subsurface reservoir (as CCS operation) and then converted into methane within the reservoir by specialized "electrode wells", which act as bio-electrodes, inserted into the reservoir. Our recent studies have indicated that, in addition to methanogens, electrochemically-active microorganisms ("mediators or biocatalysts") are required for efficient current-to-methane conversion in biological electromethanogenesis. The biocatalystic microorganisms have activity to transfer electrons extracellularly and are thought to mediate electron transfer from solid electrode to methanogens. However, such biocatalystic microorganisms so far identified are almost exclusively mesophilic species, which cannot be functional within subsurface reservoir (generally under thermophilic condition higher than 50 ) [8] . As the first step to develop an electromethanogenic system in CO 2 storage reservoir, this study focused on identification of new thermophilic microorganisms capable of extracellular electron transfer under the subsurface reservoir. To this end, formation water sample collected from an oil reservoir was inoculated in MFC to enrich electrochemically-active microorganisms.
Materials and methods

MFC construction
Two-chambered MFC reactors were constructed. Each MFC reactor consisted of two glass bottles (300 ml volume) which were separated by a proton exchange membrane in diameter of 4 cm (Nafion 117, DuPont Co., Wilmington, USA). The proton exchange membranes were consecutively pre-boiled by H 2 O 2 (10 %), H 2 SO 4 (5%) and deionized water, in which each step lasted for 30 min [9] . Both the anode and cathode were made of plain carbon cloth (4 cm×10 cm, TMIL Ltd, Ibaraki, Japan). Titanium wires (0.5 mm, Alfa Aesar, Karlsruhe, Germany) were used to connect electrodes to the circuits. The internal resistances between the electrodes and titanium wires were less than 3 Ω. All reactors were sealed with butyl rubber stoppers and aluminum seals to maintain anaerobic condition.
MFC inoculation and start-up
Formation water from an oilfield (located in Akita, Japan) was used as inoculum. The reservoir is a formation of tuffaceous sandstone of Miocene-Pliocene age, located around 1293 to 1436 m under the surface, with in situ temperature of 40-82°C. The water sample was first acclimated for 2 weeks in presterilized anaerobic medium (2.7 g NaCH 3 COO, 0.136 g KH 2 PO4, 0.54 g NH 4 Cl, 0.2 g MgCl 2 •6H 2 O, 0.147 g CaCl 2 •2H 2 O, 2.5 g NaHCO 3 and 10 ml Wolfe's mineral solution per liter) [10] . Then 25 ml of the sample was inoculated into the anode chambers of MFCs, which contained 225 ml fresh anaerobic presterilized medium. 50 mM potassium ferricyanide solution supplemented with 2.5 g L -1 NaHCO 3 was used as the catholyte. The headspaces of reactors were filled with N 2 /CO 2 (80/20). During the start-up process, a fixed external resistance (100 Ω) was connected between the anode and cathode. The voltage (U) across the external resistance was monitored automatically by an Agilent 34970A data acquisition unit (Agilent Technologies, Santa Clara, CA, USA) every 5 minutes. Each reactor was incubated in a fedbatch mode at 55 with being continuously stirred by a magnetic stir bar.
Electrochemical analyses
The polarization and power density curves as a function of current were obtained by altering a variable resistance box (10000 Ω 30 Ω). The thermophilic MFC was first kept open circuit for 2 hours until when the open circuit voltage became stable. Then the resistance box was connected to the circuit and the resistance was gradually shifted from 10000 Ω to 30 Ω. At the each resistance value, the voltage was monitored for at least 5 min until when it became stabilized. The current (I) was calculated by Ohm's low: I U/R, and power density (PD) was calculated according to PD = UI/A, where R (Ω) is the external resistance and A (m 2 ) is the surface area of the anode.
Cyclic voltammetry (CV) was measured by using a potentiostat (HSV-110, Hokuto Denko, Tokyo, Japan) with a standard 3-electrodes system. The anode and cathode were acted as the working electrode and counter electrode, respectively. An Ag/AgCl electrode inserted into the anodic chamber was acted as the reference electrode. Under turnover conditions, the medium excluding soluble redox compounds was used in the anode chamber. The parameters for CV were as follow: equilibrium time, 99 s; scan rate, 1 mV s -1 ; scan range, -0.4 V to 0.2 V vs. SHE. CVs with cell-free spent medium and non-inoculated control medium were also performed with a pre-sterilized fresh electrode in the same reactor. The spent medium was collected from the anode chamber and then filtered with pre-sterilized filter in an anoxic chamber to remove planktonic cells. The filtrates were then analysed to determine whether soluble electron shuttles were present in the spent medium. In non-turnover conditions (without acetate), the medium in anode chamber was replaced with acetate-free medium. The biofilm-attached anode was first washed three times with acetate-free fresh medium and then poised at -0.1V vs. SHE until the current fell to near background level (ca. 2 μA cm -2 ). Then CV was performed with increasing scan rates from 1 mV s -1 to 1 V s -1 with scan range of -0.5 V to 0.2 V.
Characterization of anodic bacterial population
For microbial population analysis, community DNA was directly extracted from 250 mg of the aseptically crushed anode by using PowerSoil DNA isolation kit (MO BIO laboratories, Carlsbad, CA, USA). The extracted DNA (20 ng) were used as templates for PCR with the primers 8F (5'-AGAGTTTGATYMTGGCTCAG-3') and 1492R (5'-CGGYTACCTTGTTACGACTT-3') [11] . The pooled PCR amplicons were cloned into pCR4-TOPO using TOPO TA cloning system (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Plasmids were purified using High Pure Plasmid Isolation kit (Roche Applied Science, Indianapolis, IN) and sequenced with T3 and T7 primers. The assembled sequences were aligned by NAST aligner program in Greengenes (http://greengenes.lbl.gov/) with the closest sequence relatives from Greengenes database on March 2012. The alignments were then manually improved in MEGA ver. 4.0.2. [12] . A total of 1235 nucleotide positions were used in the alignments. Phylogenetic trees were constructed based on the Tamura-Nei model. The evolutionary history was inferred by using the Neighbor-Joining method [13] . The evolutionary distances were computed on the basis of the Maximum Composite Likelihood method and in the units of the number of base substitutions per site [13] . Fig. 1A showed the electricity generation of thermophilic MFC inoculated with microorganisms from formation water and the non-inoculated control reactor. No electricity generation was observed in the non-inoculated control reactor during the experiment. For the inoculated reactor, on the other hand, the current was nearly zero until 25 hours post inoculation, and then it began to increase slowly. From 30 hours post inoculation, the current began to increase drastically in an exponential manner and reached to the maximum value of 2.75 mA at 70 hours post inoculation. The exponentially-increased current generation was mainly due to the exponential growth of electrochemical-active microorganisms. The current stably remained at the high level for 30 hours and then began to decrease gradually, which was due to the consumption of electron donor (acetate). When the current was reduced to ca. 1.0 mA, the anolyte and catholyte were exchanged with fresh solutions, respectively. The current generation recovered to the original or even higher level immediately each time after the medium exchange. During the medium exchange, planktonic microbial cells and, if present, endgenous electron shuttles in the anode chamber was threw out with the spent meidum. Thus, we concluded that the electricity generation of the MFC reactors was mainly attributed to the microorganisms attached on the anode surface rather than the planktonic cells in the media. Fig. 1B ploted the polarization and power density curve of the thermophilic MFC. The open circuit potential and maximum power density of the thermophilic MFC were around 0.76 V and 1003 mW m -2 (subjected to anode surface), respectively. The polarization curve showed that the voltage decreased linearly with the increasing current when the current was lower than 5.5 mA, indicating that ohmic resistance was the main rate limiting factor and the ohmic resistance was around 71.4 Ω. When the current was higher than 5.5 mA, the voltage decreased drastically with the increasing current, representing that the mass transfer limtation was the controlling factor at high current density. The maximum power density was around 1003 m -2 , higher than those reported with thermophilic MFCs in several previous studies (generally 400 mW m -2 ) [14] [15] [16] and comparable to that of a thermophilic MFC under continuous mode of operation (1030 ± 340 mW m -2 ) [17] . However, it should be noticed that the MFC reactor used in this study was operated in a fed-batch mode and had a relatively high internal resistance which was due to the large electrode spacing. Overall, we concluded that microorganisms with high exoelectrogenic activity were successfully enriched on the bio-anode. 
Results and Discussion
Electricity generation of thermophilic MFCs
Electrochemical analyses
Based on the medium exchange experiments, the electron transfer mechanism between the microorganisms and the anode was probably in a direct manner, as the current of MFC could recover to the origianl level immediately after changing fresh medium. To further investigate the electron transfer mechanism, cyclic voltammetry (CV) was performed on a themophilic MFC stably producing current (ca. 400 hours post inoculation). Fig. 2A showed representative cyclic voltammograms of the bio-anode and the spent medium in the presence of acetate (turnover conditions). The voltammogram of the bio-anode showed a typical catalytic wave (sigmoidal behavior). The current was around zero at the starting potential, and then began to increase gradually with the increasing potential, suggesting microbes on the bio-anode began to oxidize acetate and transfer electrons to the anode. The current increased sharply when the working potential increased higher than -0.15 V vs. SHE until 0.05 V. This is because the capacity of the anodic microbes to generate electrons is in excess, while their capacity to transfer electrons to the anode (kinetics at the interface) is limited. As the interfacial reactions can be accelerated by increases in driving force (described by Butler-Volmer equation) and the enzymatic reactions have a characteristic maximum rate, the current got a plateau when the working potential was higher than 0.05 V. Fig. 2B showed the first derivative analysis of the voltammogram of the bio-anode as a function of potential. Based on the first derivative analysis of the voltammogram, two catalytic sites were identified by the reversible peaks (which one located ca. -0.18 V vs. SHE and the other one located ca. -0.8 V vs. SHE). As no any catalytic current was observed in the CV of the spent medium, it suggested that there was no soluble electron shuttle in the spent medium. Thus, we concluded that the electricity generation was due to the microorganisms on the anode in a direct electron-transferring manner. In the presence of electron donors, the catalytic current of CV represents multiple turnovers of each redox species, and the high catalytic current may obscure signals from individual redox species [18, 19] . Therefore, to investigate individual redox species, non-turnover CV of the thermophilic-MFC anode in the absence of substrate was also performed. A representative non-turnover cyclic voltammogram at a slow scan rate of 1 mV s -1 was shown in Fig. 3A . One reversible peak centered around -0.1 V vs. SHE was observed in the non-turnover cyclic voltammogram. It represented that a redox site centered around -0.1 V vs. SHE. Fig. 3B showed that the peak current of the redox site was proportional to the scan rate, suggesting a thin-film behavior [19] . This behavior suggested that the interfacial reaction (the final hop of electrons from redox poteins to anodes) was lower than the reactions responsible for bringing electrons through the biofilms to this interface. No redox peak was obtained in the spent medium (data was not shown) or fresh medium with a pre-sterilized electrode, eliminating the possibility of the contribution of extracellular electron shuttles.
The reversible peak with thin-film behavior can be reproduced each time immediately after medium exchange with fresh acetate-free medium. In addition, the position of the reversible peak with thin-film behavior (ca. -0.1 V vs. SHE) was nearly consistant with the position of midpoint potential of the turnover voltammogram (ca. -0.08V vs. SHE). Thus, it can be concluded the redox peaks observed in CV were due to redox compounds, such as cytochromes, associated with thermophilic microorganisms on the anode surface.
Microbial population analysis
The microbial community on the bio-anode surface was analyzed by construcing 16S rRNA gene clone library. All of the clones (67 clones) analyzed so far belonged to Firmicutes. No Proteobacteria, which was usually abudant in anodic microbial community of mesophilic MFC, was detected. Among the related sequences, the clones OR-TA-B3 was the dominating species, which was closely related to Anoxybacillus sp. strain DR02. A phylotype closely affiliated to the genus Thermincola was also detected in the anodic microbial community. So far two Thermincola-related species were shown to be capable of electricity generation [14] . On the other hand, Anoxybacillus sp. had never been detected in MFC of previous studies and its electrochemical activity remained to be examined. 
Conclusion and future improvement
A thermophilic MFC inoculated with formation water sample from an oilfield was successfully started up in this study. The power density of the thermophilic MFC was around 1003 mW m -2 , higher than that of most thermophilic MFCs reported in previous studies. The electrochemical analyses showed that the electron transfer from the electrochemial active microorganism to the anode was in a direct manner. The microbial community on the bio-anode was also analyzed. Overall, this study demonstrated that subsurface reservoir harbors highly functional biocatalysts. A biological electromethanogenesis reactor is currently being established by inoculating the effluent of thermophilic MFC.
